Bradford ST, Stamatovic SM, Dondeti RS, Keep RF, Andjelkovic AV. Nicotine aggravates the brain postischemic inflammatory response.
CIGARETTE SMOKING IS WIDELY recognized as a major modifiable risk factor for stroke (5, 12) . There is a dose-response relationship between cigarette consumption and stroke risk, whereas smoking cessation leads to a prompt stroke risk reduction (33) . Chronic exposure to tobacco or nicotine, a major active component of cigarettes, can cause cerebral vasoconstriction, decrease cerebral blood flow (CBF) and enhance ischemic brain injury following transient middle cerebral artery occlusion (MCAO) in rats (13, 38) . In addition, some recent findings have indicated that cigarette smoking, and particularly nicotine, has a profound proinflammatory effect, causing a chronic inflammatory state with increased levels of circulating leukocytes, C-reactive protein, and fibrinogen, as well as enhanced leukocyte rolling and adhesion in the cerebral microcirculation and chemoattractant activity for neutrophil migration (7, 17, 47) .
Proinflammatory effects of nicotine have been described at several target sites, including the vascular interface, leukocytes, and respiratory and intestinal epithelia. At these targets, nicotine alters expression of proinflammatory mediators, directly or indirectly aggravating the outcome of inflammation (2, 27, 34, 35) . There is also evidence that nicotine can induce ICAM-1 and VCAM-1 expression on human umbilical vein endothelial cells (HUVEC) (2) . At the level of the central nervous system and the blood-brain barrier (BBB), the effects of nicotine are still unclear. Some studies have indicated that nicotine regulates leukocyte rolling and adhesion mediated by P-selectin and CD18 (47) . Nicotine may also alter nitric oxide levels, a molecule critical in regulating cerebrovascular tone and endothelial cell-leukocyte interactions (14) .
Postischemic inflammation is considered a significant contributor to secondary brain injury after ischemic stroke (9, 30) . The central event in postischemic inflammation is the recruitment of neutrophils that arrive first at the site of inflammation, followed by monocyte/macrophages. This is a multifactorial process involving chemotactic signals that promote the directional migration of leukocytes, adhesion, receptor/ligand interaction at the microvascular endothelial surface, and matrix metalloproteinase production needed for extracellular matrix breakdown and leukocyte extravasation (9, 30) . Leukocyte infiltration into the ischemic territory is also associated with activation of microglia and astrocytes that have the potential to contribute further to the inflammatory cascade (9) . Despite the fact that smoking and nicotine are indicated as risk factors for stroke and that nicotine is involved in the upregulation of some essential proinflammatory mediators (e.g., IL-8, IL-1␤, TNF-␣, and ICAM-1) during ischemia/reperfusion (I/R) injury in kidney, liver, coronary artery endothelial cells, and HUVEC, the effect of nicotine on cerebral postischemic inflammation is still unclear (3, 44) .
The present study investigates the impact of nicotine on the postischemic inflammatory response at the BBB. Our results show that exposing the BBB to nicotine levels reflecting those in plasma of average to heavy smokers upregulates a broad range of cytokines, chemokines, and adhesion molecules at the vascular interface and significantly alters the inflammatory response during basal and I/R conditions.
MATERIALS AND METHODS
All procedures were performed in strict accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of University of Michigan.
Nicotine treatment. C56BL/6 mice (22-28 g) were anesthetized with ketamine/xylazine (100 mg/kg and 10 mg/kg ip) and miniosmotic pumps (infusion rate 0.5 l/h; model 2002 Azlet osmotic pump; DURECT, Cupertino, CA) were implanted in a subcutaneous pocket created by making a small incision in the skin between the scapulae. The pumps were filled with normal saline (0.9% NaCl, vehicle) or nicotine (Sigma Aldrich, St Louis, MO) dissolved in saline at a concentration sufficient to deliver 0.5, 2.0, and 5.0 mg/kg of nicotine over 14 days. Nicotine levels were evaluated in plasma samples collected by cardiac puncture (4 -6 mice per group). Nicotine was measured using a liquid chromatography/tandem mass spectrometry (23) by the Biomedical Mass Spectrometry facility at the University of Michigan using a Finnigan TSQ Quantum Ultra AM. The duration of exposure, 14 days, was chosen on the basis of our evaluation of physiological parameters of nicotine-treated mice and their survival rate after transient MCAO. Fourteen days of exposure provided a stable level of nicotine in plasma and did not affect animal physiological parameters.
MCAO. Experiments were performed on male C57BL/6 (22-25 g) mice (Jackson Laboratory, Bar Harbor, MA). Mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg ip). Body temperature was maintained at 37 Ϯ 0.5°C by means of a heating blanket and a heating lamp during the entire experimental procedure. Focal cerebral ischemia was induced by left MCAO using an intraluminal filament technique (10) . Briefly, the common carotid artery was exposed through a midline incision in the neck. A 6 -0 silicon suture was next introduced into the external carotid artery and advanced into the internal carotid artery a distance of 10 -11 mm from the common carotid artery bifurcation according to animal weight. MCAO was confirmed by a Laser Doppler Flow probe (Model BPM System; Vasomedics, St. Paul, MN) positioned at 3 mm posterior and 5 mm lateral to bregma. After 30 min of MCAO, the mice were reperfused by suture withdrawal and then allowed to awake from anesthesia. Sham-operated animals underwent all procedures except the actual MCAO. Physiological parameters (PO 2, PCO2, pH, blood glucose, and regional CBF) were monitored before, during, and after MCAO. A reperfusion period was 3 days. During reperfusion, neurological deficits were evaluated with the following scoring scheme: 0, no deficits; 1, flexion of the torso and contralateral forelimb when lifted by the tail; 2, contralateral forelimb weakness upon application of pressure to the side of the body; 3, circling to the affected side; 4, no spontaneous locomotor activity.
Brain water content and electrolytes. Brain water content was measured by the wet/dry weight method. Samples were taken from ischemic and nonischemic hemispheres. After decapitation under deep isoflurane anesthesia, brains were weighed wet and then oven dried at 100°C for 48 h and reweighed. Brain water content (%) was calculated as [(wet weight Ϫ dry weight)/wet weight] ϫ 100%. (10) .
Morphometric measurement of infarct volume. Animals were euthanized from 1 to 5 days after transient MCAO, and the brain was removed and sliced. Slices were incubated in 2% 2,3,5-triphenyltetrazolium chloride (Sigma Aldrich) solution for 1 h at 37°C. The area of infarction in each slice was determined by a computerized imageanalysis system, and the volume of infarction was calculated by multiplying the distance between sections. In addition, to account for cerebral edema or resolution of the infarct, an indirect measurement of infarction was performed. Infarct volume was calculated as [contralateral hemisphere volume Ϫ (ipsilateral hemisphere volume Ϫ measured injury volume)] (10). Cresyl violet staining of 200-m-thick serial sections was also used to examine infarct size after 3 days of reperfusion (10) .
RT 2 profiler PCR array and real-time PCR. Isolated microvessels and whole brain with or without nicotine treatment were collected at the end of experiments. For analysis of I/R injury, isolated brain microvessels and brain area (penumbra) around the ischemic lesion (1 mm thick) were collected using "pinch-out" method (10) . The corresponding contralateral region was also collected. For isolated microvessels brain tissue was mechanically dissociated and homogenized in the Dounce type of homogenizer. After washing with Hanks balanced solution, the myelin and erythrocytes were cleaned by 18% Dextran solution and Percol gradient retrospectively (9) . Total RNA was prepared using TRIZOL (Invitrogen, Carlsbad, CA). Singlestrand cDNA from 2 g total RNA was synthesized using RT 2 first strand kit, and real-time PCR was performed according to the RT 2 Profiler PCR Array System (SABioscience, Frederick, MD) using SYBR Green PCR Master Mix in an Eppendorf Mastercycler (Eppendorf, Hauppauge, NY). The PCR arrays Mouse Inflammatory Cytokines and Receptors (SABioscience) were repeated three times and the data analyzed using PCR Array analysis software (SABioscience). In addition, real-time PCR analysis was performed to compare RNA expression of select genes (IL-1␤, TNF-␣, IL-18, CX3CL1, CCL2, CXCL5, CD40, CCL4, and IL-6ra) between nicotine-treated and non-treated experimental groups with or without I/R injury. All primer sets were from SABioscience.
Cytokine antibody array. The Mouse Cytokine Antibody Array 3 (RayBiotech, Norcross GA) was used to simultaneously detect and semiquantify 62 cytokines in samples collected from all experimental groups. For tissue, samples were homogenized in 1.8 ml Tris buffer solution (pH 8.5) supplemented with 1% Triton X-100. Protein level was evaluated using a bicinchoninic acid protein assay (Thermo Fisher Scientific, Rockford, IL) and for each sample was adjusted to 2 mg/ml. The cytokine antibody array was performed according to the manufacturer's instructions. Membranes were developed with the Pierce ECL substrate kit (Thermo Fisher Scientific) and underwent densitometric analysis using ImageJ analysis software (NIH, Bethesda, MD). The relative level of inflammatory cytokines was evaluated using software provided by the manufacturer. In addition, IL-1␤, IL-1␣, IL-6, IL-12, IFN-␥, TNF-␣, CCL5, CCL2, CCL3, CXCL12, and CCL11 protein levels were quantified by ELISA assay kit (SABioscience).
Quantitative immunohistochemistry. Brain samples were fixed in 4% paraformaldehyde for 18 h and then cryoprotected with sequential immersions in 10% and 20% sucrose solutions and then cut into 50-m-thick coronal sections with a freezing microtome. After that samples were preincubated in blocking solution (5% bovine serum albumin, 5% normal goat serum, 0.05% Tween and PBS), and then incubated overnight with primary antibody rat anti-mouse Ly6G antibody (BD Bioscience, San Jose, CA) and anti-myeloperoxidase (MPO) antibody (HyCult Biotechnology, Uden, The Netherlands) at 4°C. Reaction was visualized by Texas red-conjugated anti-rat (Sigma-Aldrich) or anti-rabbit antibody (Vector Laboratory, Burlingame, CA). All samples were viewed on a confocal microscope (LSM 510, Zeiss, Jena, Germany). For quantification, 50 coronal brain slices (25 slices in front and 25 behind the "middle line" of the visible lesion). Microscope data were acquired with a ϫ10 objective numerical aperture with constant laser power (45% of laser power), pinhole, zoom, focus, gain, and duration of image capturing. A total of 20 images was randomly selected and captured per slide. The immunolabeled cells were counted in areas surrounding ischemic lesion. Five mouse brains per group were analyzed. In the sham-operated group, brain areas were analyzed corresponding to those analyzed in ischemic mice. Slides were coded so that the counter was blind to the identity of the slides being counted.
Statistical analysis. All values are expressed as means Ϯ SD. One-way ANOVA followed by Bonferroni post hoc analysis, Chisquared tests (neurological scores), and Kaplan-Meier survival curves were used (Prism analysis software). A P value Ͻ0.05 was regarded as statistically significant.
RESULTS

Plasma nicotine and cotinine concentrations.
Initial studies were performed where mice received either one of three doses of nicotine (0.5, 2.0 or 5.0 mg/kg sc) or vehicle (0.9% NaCl) for 14 days. In the nicotine-treated groups, at days 3, 7, and 13 the plasma nicotine levels were 0.52 Ϯ 0.03, 2.7 Ϯ 0.1, and 4.5 Ϯ 0.9 ng/ml in the 0.5 mg/kg group, 67 Ϯ 12, 98 Ϯ 10, and 99 Ϯ 3 ng/ml in the 2.0 mg/kg group, and 87 Ϯ 10, 155 Ϯ 14, and 184 Ϯ 21 ng/ml in the 5.0 mg/kg group. The plasma concentrations of the nicotine metabolite cotinine at the same time points were 3.2 Ϯ 1, 6.3 Ϯ 1.1, and 10.2 Ϯ 2.1 ng/ml in the 0.5 mg/kg group, 96 Ϯ 5, 139 Ϯ 7, and 169 Ϯ 19 ng/ml in the 2.0 mg/kg group, and 201 Ϯ 23, 302 Ϯ 34, and 523 Ϯ 36 ng/ml in the 5.0 mg/kg group (Supplemental Fig. S1 , A and B; supplemental material for this article is available online at the American Journal of Physiology Heart and Circulatory Phys-iology website). These nicotine and cotinine levels are similar to those found in moderate, average, and heavy smokers (Ͼ5 mg/ml, 10 -100 ng/ml, and Ͻ200 ng/ml) on the basis of epidemiological and biochemical studies (20) . All nicotinetreated mice did not show changes in pH, PO 2 , PCO 2 , and glucose, but they did have significantly reduced body weight from 10 days of nicotine treatment (e.g., 89% and 75% of initial body weight at 10 and 14 days, respectively in the 2 mg/kg group; Supplemental Fig. S1C ). In addition, the mice did not display symptoms of nicotine intoxication like excitability, shivering, tremor, or diarrhea even in the experimental group, which received the high dose of the nicotine. For most of our further experiments we primarily focused on the 2 mg/kg nicotine group.
Proinflammatory effects of nicotine at the BBB. To examine the potential proinflammatory action of nicotine at the BBB, mice were divided into two groups that received either nicotine (2 mg/kg sc) or vehicle (0.9% NaCl) for 14 days. The effect of nicotine on the BBB inflammatory phenotype was examined at the gene and protein levels. Pro-and anti-inflammatory gene expression was evaluated using a Real-Time Profile PCR Array to analyze expression of 87 cytokines, cytokines receptors, chemokines, chemokines receptor, and other genes involved in the inflammatory response. Three independent samples of isolated microvessels or whole brain tissue from nicotinetreated mice (n ϭ 3) were compared with control (nonexposed) mice. Isolated microvessels were not additionally trypsin digested to preserve the BBB in situ. Thus samples contained astrocyte foot processes as well as perivascular macrophages and pericytes, as confirmed by immunohistochemistry (data not shown).
Genes were evaluated on the basis of the criteria of at least a 2.5-fold up-or downregulation compared with control and that they were regulated in more than 70% of comparisons. Using these stringent selection criteria, we identified 36 genes that were upregulated (2.9-to 15.8-fold) and 21 genes that were downregulated (2.7-to 12-fold) in microvessels (Fig. 1A) , and 37 genes upregulated (2.7-to 36-fold) and 21 genes downregulated (2.6-to 20-fold) in brain tissue (Fig. 1A) . The significantly upregulated genes were cytokines IL-18, IL-1␤, TNF-␣, IL-1␣ (13-, 13-, 12-, and 6-fold increases, respectively) and chemokines CX 3 CL1, CCL2, CXCL5, CCL8, and CXCL1 (14-, 8-, 6-, 5-, and 5-fold increases, respectively), indicating a strong proinflammatory response at the BBB in the presence of nicotine. In addition, there was higher expression of caspase-1 (12-fold increase), complement C3 and CD40 ligand (4.5-fold), suggesting not only a proinflammatory but also a proatherogenic effect of nicotine. There was also a significant downregulation of some anti-inflammatory cytokines and signaling molecules such as Bcl6, CCL25, CCL6, IL-13, IL-10, and Toll interacting protein (Tollip) (12-, 9-, 26-, 12-, and 17-fold decreases, respectively) in the brain as well as the BBB of mice exposed to nicotine. Thus nicotine causes an imbalance in pro-and anti-inflammatory responses that may induce vascular injury (Fig. 1A) .
To confirm the PCR array findings, single real-time RT-PCR analyses were performed for select proinflammatory mediators. IL-1␤, TNF-␣, IL-18, CX 3 CL1, CCL2, CXCL5, and CD40L all showed significant increases in expression after nicotine treatment compared with vehicle treatment (Fig. 1, B and C) .
In addition to gene expression, the protein levels of proinflammatory mediators were analyzed. The analysis included total secreted amount of cytokines/chemokines (observed by ELISA) and protein expression of microvessels and brain tissue (antibody based protein array). Following the pattern of gene expression, there was significant level of secreted proinflammatory cytokines/chemokines [e.g., IL-1␣, IL-1␤, IL-12, TNF-␣, CCL2, IL-6, INF-␥, granulocyte/macrophage colonystimulating factor (GM-CSF), G-CSF, and CXCL12] in brain tissue and BBB after exposure to nicotine (P Ͻ 0.001) compared with controls (Fig. 2B) . In response to nicotine, brain tissue and the BBB in situ also had 5-to 15-fold increases in a set of platelet-dependent chemokines/cytokines and proteins like CCL17, CXCL12, PF4, CCL3, CXC3CL1, and CD40, as well as the adhesion molecules ICAM-1, P-selectin, and VCAM-1 ( Fig. 2A) . This strongly supports a proatherogenic effect of nicotine at the level of the BBB. Similar pattern of pro-and anti-inflammatory cytokines expression was also presented in brain microvessels and brain tissue of mice exposed to low and high doses of nicotine for 14 days although that magnitude of cytokine expression was directly correlated to the dose of nicotine (data not shown).
Effect of nicotine on brain I/R injury. To investigate the effects of nicotine on ischemic brain damage, we first examined infarct volume and neurological deficits in nicotine-and vehicle-treated mice (exposure time was 14 days) subjected to transient MCAO with reperfusion times lasting up to 10 days. Physiological parameters (pH, PO 2 , PCO 2 , glucose level, and regional CBF) before MCAO and after 30 min of reperfusion were not significantly different between nicotine-and vehicletreated groups (Supplemental Table S1 ). However, there were marked differences in neurological outcome and survival (Fig. 3, A and B) . Nicotine-treated mice had worse neurological deficits. On a scale of 0 -4, 80% of the mice showed no spontaneous locomotor activity (score 4) or circling to the affected side (score 3) evaluated from days 0 -5 of reperfusion. In contrast, a score of 0 -2 was found in 80% of vehicle-treated mice. There was also a lower survival rate in nicotine-treated mice. Forty percent of nicotine-treated mice survived until day 3 of reperfusion, and none survived to day 5, compared with 100% survival in vehicle-treated mice at days 3 and 5. Furthermore, infarct volume was greater with nicotine treatment compared with vehicle-treated mice in dose-dependent manner [day 3: vehicle-treated mice 113.9 Ϯ 7.6 mm 3 vs. nicotinetreated mice 132.7 Ϯ 16.3 mm 3 , P Ͻ 0.001 (2 mg/kg group) and 137.2 Ϯ 13.8 mm 3 , P Ͻ 0.001 (5 mg/kg group); Fig. 3C ]. Analyzing the regional distribution of the infarct, we found that in all experimental groups infarct lesion was present in cortex and striatum. However, the nicotine-treated mice had bigger striatal and cortical infarcts compared with vehicle-treated mice (Fig. 3D) . Again, there was a close correlation with the dose of nicotine and infract size in nicotine-treated mice. Mice exposed to average (2 mg/kg group) and high (5 mg/kg group) doses of nicotine had significantly increased striatal (P Ͻ 0.001) and cortical (P Ͻ 0.05 and P Ͻ 0.001, respectively). In addition, nicotine-treated mice had increased brain water content (edema) in the ischemic (but not nonischemic) hemisphere compared with vehicle-treated mice at day 3 of reperfusion in a dose-dependent manner (Fig. 3E) . Because of the potential confounding effects of edema and infarct resolution, an indirect measure of infarct volume was also used. Using this measure, average and high dose of nicotine-treated mice still showed significantly greater infarct volumes compared with vehicle-treated mice (P Ͻ 0.001; Fig. 3F ). Taken together, these data demonstrate that nicotine worsens neurological deficits and increases infarct volume, contributing to the progression of postischemic injury.
Effects of nicotine on the expression of inflammatory mediator after ischemia. Transient focal ischemia leads to increased expression of several proinflammatory genes, and the resulting inflammation significantly contributes to stroke outcome (10) . Using a Proinflammatory Cytokines & Receptors GeneArray, we analyzed the profile of proinflammatory gene expression in the core of ischemic lesion and in surrounding penumbra as well as in the isolated microvessels from the penumbra at day 3 of reperfusion in nicotine (2 mg/kg group)-and vehicletreated mice. The following groups were examined: 1) chronically nicotine-treated MCAO mice (nicotine ϩ I/R); 2) vehicle-treated MCAO mice (vehicle ϩ I/R), and 3) vehicle-treated sham-operated mice treated (vehicle). In general, nicotine acted as strong proinflammatory agent with an increase (2-to 35-fold) in mRNA levels of 46 proinflammatory cytokines/ chemokines during reperfusion compared with vehicle-treated MCAO mice (Fig. 4A) . For example, nicotine-treated MCAO mice had increased RNA levels of chemokines CCL2, CCL7, CCL9, CXCL13, CX 3 CL1, and CXCL5 (6-to 10-fold increase in brain microvessels and 10-to 22-fold increase in brain tissue) compared with vehicle-treated MCAO mice (Fig. 4A) . Nicotine-treated MCAO mice also had increased levels of the cytokines IL-15, IL-18, IL-1␤ and TNF-␣ (10-to 33-fold increase in brain microvessels and 12-to 35-fold increase in brain tissue), as well as complement C3, caspase 1, and CD40L (up to 25-fold increase in microvessels and brain tissue) compared with vehicle-treated MCAO mice. There were also significant decreases in the expression of some anti-inflammatory cytokines or receptors in nicotine-treated MCAO mice, including IL-10, IL-1r1, TGF-␤1, and Tollip (up to 12-fold decrease in brain microvessels and up to 16-fold decrease in brain tissue). These results were confirmed by single real-time RT-PCR analysis (Fig. 4) .
Further analysis was focused on the protein levels of secreted or expressed proinflammatory mediators in the area of penumbra as well as in the isolated brain microvessels. Nicotine had a profound effect on microvessel and brain tissue levels as manifested by 2-to 25-fold increases in proinflammatory mediators compared with vehicle-treated MCAO mice (Fig. 5A) . In particular, adhesion molecules (such as VCAM-1, ICAM-1, P-selectin, and CX 3 CL1) and cytokines/chemokines (such as GM-CSF, G-CSF, cytokine responsive gene (CRG), CCL2, CXCL4, and CXCL10) had enhanced protein levels in nicotine-treated MCAO mice. There were significant increases (P Ͻ 0.001) in the production of cytokines (IL-6, IL-17, IL-1␤, and TNF-␣) and chemokines (CCL2, CCL5, CXCL10, CCL17, and CCL11) after brain I/R injury in the mice exposed to nicotine compared with vehicle-exposed MCAO mice (Fig.  5B) . Thus nicotine has a proinflammatory effect, and this, in the case of brain I/R injury, aggravates the expression of most proinflammatory mediators, which in turn may contribute to the enhanced brain I/R injury in nicotine-treated mice.
Effects of nicotine on leukocyte infiltration after ischemia.
Immunohistochemical analysis of brain tissues from mice exposed to nicotine (2 mg/kg group) or vehicle in vivo did not show significant infiltration of neutrophils (MPOϩ cells) or monocytes (Ly6Gϩ) in the absence of ischemia (data not shown). However, the ischemia-induced infiltration of neutro- Fig. 3 . A: Kaplan-Meier survival curve in mice exposed to either nicotine (2 mg/kg) or vehicle (0.9% NaCl) for 14 days followed by induction of middle cerebral artery occlusion (MCAO). B: summary of neurological scores in nicotine-(2 mg/kg) and vehicle-treated mice at day 3 after transient MCAO. No neurological deficit scores are 0; maximal deficit score is 4. Vehicle (n ϭ 15) and nicotine (n ϭ 15), *P Ͻ 0.05 by Chi-squared test. C: 2,3,5-triphenyltetrazolium chloride-stained coronal sections of brain illustrating typical infarcts (arrows) 3 days after reperfusion in nicotine-and vehicle-treated mice. Bar graph showing infarct volumes at day 3 after transient MCAO in vehicle (n ϭ 10) and nicotine (0.5, 2.0, and 5.0 mg/kg) (n ϭ 7) mice. D: cortical and striatal infarct volume in same experimental animals as in C. Values are means Ϯ SD. ***P Ͻ 0.001. E: brain edema formation after MCAO was evaluated by measuring the brain water content in ischemic and contralateral hemispheres at day 3 after transient MCAO. Values are means Ϯ SD for nicotine-treated mice (0.5, 2.0, and 5.0 mg/kg; n ϭ 7) vehicle-treated mice (n ϭ 7). F: indirect measure (to correct for edema/infarct resolution) of total infarct volume at day 3 after transient MCAO in vehicle-and nicotine-treated (0.5, 2.0, and 5.0 mg/kg) mice. **P Ͻ 0.01. Fig. 4 . A: list of the genes modulated by nicotine in isolated brain microvessels and brain tissue from around the ischemic area (penumbra) of mice treated with nicotine (2 mg/kg) for 14 days followed by transient MCAO and reperfusion for 3 days. Fold increase/decrease indicates level of up-or downregulation of genes compared with control (mice treated with vehicle for 14 days, followed by transient MCAO and reperfusion for 3 days). Three independent samples were analyzed by real-time RT-PCR array. B and C: quantitative real-time PCR for IL-1␤, TNF-␣, IL-18, CX3CL1, CCL2, CXCL5, CD40, CCL4, and IL-6ra was carried out on RNA of isolated brain microvessels (B) or brain tissue (C) from nicotine-treated mice with brain ischemia/reperfusion (I/R) injury (n ϭ 3) or vehicle-treated mice with brain I/R injury (n ϭ 3). Expression of target genes was normalized to control (vehicle-treated mice with brain I/R injury). Values are presented as means Ϯ SD. The real-time PCR confirmed the changes in these genes detected by the PCR array although there were some differences in the absolute level of upregulation with the two techniques. phils and monocytes in brain parenchyma was significantly increased in mice exposed to nicotine vs. vehicle (P Ͻ 0.001) evaluated at days 3 and 5 after MCAO (Fig. 6 ). These data further confirm that nicotine has a profound effect on reperfusion injury and the postischemic inflammatory response.
DISCUSSION
Little is known about the effects of nicotine on the BBB, particularly in the setting of postischemic inflammation. The present study analyzed those potential effects and found that 1) nicotine altered the BBB phenotype to a proinflammatory one; 2) this alteration is associated with worsening of I/R injury (increased infarct volume, mortality, neurological deficits, and inflammation); and 3) the nicotine-induced proinflammatory response is characterized by significant increases in proinflammatory cytokine/chemokine expression and production although it did not alter the specific type (e.g., neutrophil vs. monocyte) of the postischemic inflammatory response. These findings are discussed below.
We would like first to address issues regarding our model system. We are aware that nicotine is just one component of cigarettes, there being ϳ4,000 compounds detectable in tobacco tar. However, there are some obstacles to study those components. There are still limitations in detection assays for most of the compounds, affecting our ability to determine their effects. On the other hand, several epidemiological and biochemical studies on the basis of the habit of smokers have determined plasma nicotine levels, showing that nonsmokers or passive smokers have less than 10 ng/ml, that modest or average smokers have nicotine levels between 10 -100 ng/ml, whereas heavily smokers have nicotine levels of more than 100 ng/ml (6, 20) . Using this "empirical" classification, we chose nicotine doses of 0.5, 2.0, and 5.0 mg/kg, which achieved plasma nicotine concentrations corresponding to passive, average, and heavy smokers. Prolonged exposure to these selected doses may best represent the effects that nicotine, one of the major compounds in tobacco, could have on cerebral endothelium and brain I/R injury in smokers. It should be Fig. 5 . A: cytokine antibody array of brain microvessels and brain tissue from mice exposed to nicotine (2 mg/kg) for 14 days followed by a MCAO for 3 days. For the cytokine array, 62 cytokines, adhesion molecules, and chemokines were assayed in 3 samples. The values were normalized to brain microvessels or brain tissue from the ischemic penumbra from vehicle-treated mice that underwent MCAO with reperfusion. B: ELISA analysis of penumbral brain samples collected from mice treated with nicotine or vehicle for 14 days followed by a MCAO for 3 days. Values represent means Ϯ SD from n ϭ 3 independent experiments of brain samples or brain microvessels. **P Ͻ 0.01, *** P Ͻ 0.001 comparing vehicle-treated and nicotine-treated mice that underwent MCAO with reperfusion. BMEC, brain microvascular endothelial cell.
noted, however, that other compounds in cigarette smoke might potentially modulate the effects of nicotine. Nicotine replacement therapies, (i.e., nicotine chewing gum, inhaler, or skin patches) utilize slightly lower doses of pure nicotine in 6-wk cigarette cessation programs (5, 6). However, there is an increasing body of evidence that they have an effect similar to the one described for nicotine. Although there are lower doses of nicotine in plasma than average smokers, clinical and epidemiological studies indicate that pure nicotine usage may have severe effects on patients with cardiovascular disease and may cause some inflammatory reactions (24) . This suggests our model may in part represent the potential changes, which can occur during nicotine replacement therapy and offer some new directions regarding dosage and time of exposure. It is also important to take into account that under certain conditions nicotine can have more anti-inflammatory and protective effects as indicated in several recent studies (20, 28) , and this study aimed to clarify whether absorbed nicotine would have damaging or beneficial effects.
The miniosmotic pump delivery system was chosen because it provides a stable level of nicotine in plasma, as can also be seen in smokers. In contrast, other systems (nicotine delivered though water, inhalation device, etc.) show very unstable levels of nicotine in plasma and are often associated with hypoxic episodes and stress of repeated application, effects eliminated with the miniosmotic delivery system (40, 41) . It is important also to pinpoint that, via the miniosmotic delivery of nicotine, mice did not exhibit any signs of intoxication (behavioral and pathophysiological symptoms) for 14 days. However, prolonging exposure more than 14 days did have an impact on some physiological symptoms as well as on the rate of survival after MCAO. Finally, it is also important to address that in our experimental groups we did not find evidence of alterations in blood flow during nicotine treatment. This could be the result of the young age of mice and the relatively short duration (14 days) of nicotine exposure. Future analysis of the cerebral blood vessel wall with nicotine exposure should address this point.
The pro-or anti-inflammatory effects of nicotine have been the subject of controversy and discussion. Nicotine as the major component of tobacco is, on the one side, denoted as a strong proinflammatory mediator enhancing the inflammatory responses by regulating monocyte, interacting with endothelial cells, controlling leukocyte rolling and adhesion, inducing massive leukocyte infiltration, and upregulating proinflammatory factors (IL-8, IL-1␤, TNF-␣, ICAM-1, and P-selectins) (26, 39, 43, 47) . However, there is also compelling evidence that nicotine can display opposite effects. Acting through nicotinic acetylcholine receptors on neurons, nicotine can have anti-inflammatory effects protecting, for example, against neural damage during inflammation associated with Parkinson's disease or traumatic brain injury (19, 37, 31, 32) . Obviously, the microenvironment, types of additive stimuli, as well as the targeted cells (endothelial cells, neurons, glial cells, or leukocytes) significantly impact upon the effects of nicotine, adding complexity to any analysis of the contribution of nicotine as an inflammatory factor.
At the cerebrovascular level, several proinflammatory factors including cytokines (IL-6, TNF-␣, and IL-1␤), matrix metalloproteinases (MMP-2, MMP-9, and MMP-13), inducible NO synthase, adhesion molecules (ICAM-1, VCAM-1, and selectins), and angiotensin I and II receptors are indicated as being involved in the inflammatory response triggered by tobacco smoking (18, 25, 42) . These data point to the ability of cigarette smoke and nicotine to modulate the complex interplay of signaling, adhesion molecules, and extracellular matrix remodeling that control the vascular inflammatory response and, therefore, increase the risk for the pathogenesis and progression of atherogenesis and vascular impairments. Our results extend previous findings and highlight a very similar proinflammatory pattern after administration of nicotine alone at a dose found in the plasma of average to heavy smokers. So as not to focus on a specific group of proinflammatory mediators, we analyzed a broad set of different pro-and antiinflammatory cytokines, chemokines, and adhesion molecules (87 at the gene level and 62 at the protein level) in isolated cerebral microvessels (BBB in situ) and brain tissue.
The presence of nicotine induced in the BBB and brain parenchyma mostly a nonspecific, acute inflammatory response mirrored in expression of cytokines IL-1␤, TNF-␣, IL-6, and IL-6Ra. This is in strong agreement with recently published studies by two laboratories, which studied the direct effect of cigarette particles on cerebral blood vessels and brain endothelial cells (20, 42) . Expression of these cytokines could imply higher sensitivity of the cerebrovascular endothelium on cytokine stimulation and may be responsible for triggering and supporting the expression of other proinflammatory mediators. Our study implicated a variety of other cytokines (e.g., IL-2, IL-12, GM-CSF, and G-SCF), chemokines (e.g., CCL2, CCL9, CCL11, CCL17, and CXCL5), adhesion molecules (ICAM-1, VCAM-1, P-selectins, and CX 3 CL1), and molecules such as caspase-1, CD40L, and C3, which could play role in further promoting the development of a proinflammatory and proatherogenic phenotype of brain endothelial cells by nicotine. In addition, nicotine caused a significant downregulation of anti-inflammatory mediators, creating a proanti-inflammatory imbalance in the cells, which may have a profound effect on vascular function. A possible result of these effects could be activation of various pathophysiological programs such as matrix remodeling, apoptosis, changes in vascular hemodynamics (sheer stress, flow pattern) at the vascular interface, and an alteration in the intravascular environment from a hemodynamically stable state to a procoagulant and prooxidant state favoring an exaggerated response to Fig. 6 . Immunohistochemical analysis of polymorphonuclear leukocytes (PMNs) and monocytes infiltration into brain of mice exposed to nicotine (2 mg/kg) or vehicle for 14 days before MCAO. Analysis was performed at day 3 of reperfusion. Anti-MPO (PMN) and anti-Ly6G (monocytes) antibodies were used. ***P Ͻ 0.001 vs. vehicle-treated group. vascular injury and prompting the development of ischemic events. Support for these observations is found in a recent study by Vikman and colleagues, which clearly pinpointed that lipidsoluble cigarette-smoking particles may induce the upregulation of MMP-9 and MMP-13, important in remodeling of the extracellular arterial wall (42) . Taking into consideration that the studied dose of nicotine corresponds to the level found in average to heavy smokers and the proinflammatory response of brain endothelial cells in vivo, nicotine should be considered as a severe factor for developing the biological phenomena known as vascular aging, fueling the development of stroke. In the support of this concept is our finding of significant upregulation of proatherogenic factors such as caspase-1, C3, and CD40L, which in combination with other proinflammatory mediators make substrate for the aging type of vascular dysfunction.
Besides affecting the brain endothelium under resting conditions, nicotine also affected the development of brain I/R injury. Although it is well known that cigarette smoking/nicotine is a major risk factor for stroke, extensive analysis on the detrimental effects of nicotine on ischemic injury is still lacking. Using a two-pronged approach examining infarct volume and neurological deficits after MCAO, we found that nicotine enhanced infarct size and worsened neurological status. Furthermore, the brain infarct size was closely associated with the exposed dose of nicotine, pinpointing that increased levels of nicotine directly aggravate brain injury. The potential reason for the enhanced ischemic injury may be that prior nicotine treatment induces a low inflammatory response, which can be a solid substrate for a profound response to ischemic injury at the BBB and in brain parenchyma. Analyzing the changes in brain tissue, our results indicated a significant upregulation in expression of IL-1␤, TNF-␣, and IL-6 at the mRNA and protein levels after nicotine exposure, whereas anti-inflammatory cytokines IL-10 or IL-1ra were significantly downregulated. Taking into consideration that IL-10 and IL-1ra act as neuroprotective mediators (prevent apoptotic events and glutamate excitotoxicity), particularly after brain I/R injury, the imbalance in pro-and anti-inflammatory mediators generated by nicotine may affect the susceptibility of neurons and glial cells to injury, and this could play a role in expanding infarct size in nicotine-treated animals. The adverse effects on brain parenchyma may be enhanced by effects at the level of the BBB, the first defense against noxic stimuli. Alterations in the BBB proinflammatory phenotype even before ischemic onset, as well as the profound effect during the reperfusion injury, may facilitate potential stroke onset and enhance the final ischemic outcome. Therefore, the actions of nicotine could be defined as "breaking the system of defense" at the level of BBB and brain tissue, which in turn affects neuronal viability and worsens the outcome. The increased infarct size and worse neurological deficits in nicotinetreated mice was not a surprising outcome considering its profound proinflammatory effects.
Nicotine has been implicated in BBB changes leading to brain edema formation. It is known that nicotine alters the Na ϩ , K ϩ , 2Cl cotransporter 1 (NKCC1) on the abluminal (brain facing) surface of the BBB during in vitro hypoxia/ aglycemia conditions, affecting the development of both cytotoxic and vasogenic brain edema (1, 16, 29, 49) . Nicotine also affects the tight-junction complexes between brain endothelial cells, which may contribute to vasogenic brain edema (16) . Although our study did not focus on BBB permeability, the increased water content in the injured hemisphere of nicotinetreated mice supports these findings. In addition, our evidence regarding the proinflammatory alterations in BBB with nicotine treatment and the known effects of proinflammatory mediators on vasogenic edema suggest that the extensive brain edema in nicotine-treated mice may result from the enhanced postischemic inflammatory response (36, 45) . The exacerbation of brain edema may contribute to worsening of stroke outcome by nicotine, particularly to the neurological deficit and high mortality rate.
Nicotine also affects reperfusion injury, and our study pinpoints a major effect on the postischemic inflammatory response. That response is a critical event in reperfusion injury after ischemic stroke. It is designated as an acute inflammatory response manifested by significant upregulation of inflammatory molecules. In patients, cytokines (TNF-␣, IL-1␤, IL-8, and IL-18) and soluble adhesion molecules (L-, E-, and Pselectin, sICAM-1, and sVCAM-1) are elevated in blood and CSF from the first day of stroke. In animals, there is upregulation of cytokines (IL-1␤, TNF-␣, and IL-6) and chemokines (CCL2, CCL3, CCL5, and CCL4) after MCAO, and this is associated with significant infiltration of neutrophils and monocytes into brain parenchyma (10, 30) . Analyzing the expression of proinflammatory mediators in our ischemic model, we found expression of a variety of cytokines (i.e., IL-1␤, TNF-␣, CCL2, CXCL5, and CX 3 CL1) not only in the brain parenchyma but also in the BBB in situ (isolated microvessels). This pinpoints that the inflammatory response develops at the level of the BBB and vascular interface as well as the parenchyma. The inflammatory events at the BBB and brain parenchyma cause further aggravation of ischemic lesion by promoting infiltration of neutrophils and monocytes into the area around the ischemic lesion. Nicotine actions under these ischemia/reperfusion conditions can be characterized as detrimental. Whereas mice exposed chronically to nicotine did not have changes in the pattern of cytokines/chemokines and adhesion molecules expression, there were marked changes in magnitude of the response, with some cytokines and chemokines reaching threeto fivefold increases. A similar pattern was also found for infiltrating leukocytes where nicotine-treated animals had more infiltrating cells (both neutrophils and monocytes) compared with vehicle-treated mice. Thus, although the effect of nicotine on the postischemic inflammatory response is marked, it can be characterized as affecting the magnitude and not the type of response.
It is also important to address the issue that the delivery of nicotine was stopped during I/R injury, mimicking what is expected in patients with a stroke. Under in vivo conditions, we expect that some nicotine will remain in the circulation for several days after miniosmotic pump removal, but it will not be at as high a concentration. However, even with this reduced level of exposure during I/R, prior nicotine treatment still exacerbated the inflammatory response during I/R injury. Presumably, alterations in the proinflammatory phenotype at the brain vascular interface attributable to prior nicotine treatment continue to aggravate the inflammatory response and I/R injury. However, future studies should address whether high concentrations of nicotine during I/R affect injury. The dose dependency of the actions of nicotine and the mechanism by which nicotine has proinflammatory effects also need further study.
In summary, nicotine exerts marked effects on the expression of inflammatory mediators at the level of the BBB, changing the brain endothelium to a proinflammatory phenotype. This phenotype change may affect stroke occurrence and our results show that it does enhance ischemia-induced brain injury in a dose-dependent manner. We did not find any sign of an anti-inflammatory or protective role of nicotine at the level of BBB, and our conclusion is that nicotine at the BBB has an exclusively proinflammatory role. This study provides new insights into how to develop new therapeutic strategies for stroke in smokers. In addition, although this study focuses on stroke, the results have implications for other neurological disorders involving an inflammatory component and for the postischemic inflammatory response that occurs in tissues other than brain. 
